Diabetes Mellitus Type 1 happens when our immune system destroys beta cells in our pancreas due to which it fails to produce enough insulin; a hormone which allows sugar/glucose to enter in its cells in order to produce energy. To cope with failure of pancreas, artificial ones are used to inject the required amount of insulin in the body. Controllers are used for automatic balancing of blood glucose-insulin level. Bergman's minimal model (BMM) is a physiologically verified model representing this phenomenon. In a recent research BMM is extended to more generic form with an extended state of the system, dealing with the disturbance to the blood glucose level caused by meal intake during medication. In this research paper, we have used BMM along with its extended model and proposed three nonlinear controllers: Integral Backstepping (IBS) Controller, Backstepping (BS) Controller and Fuzzy Logic Controller (FLC), for the automatic stabilization of the blood glucose level in Diabetes Mellitus Type 1 patients. The integral action is integrated with Backstepping technique; resulting in reducing steady-state error by significant amount. A mathematical analysis has been done to prove the asymptotic stability of the proposed controllers for the both models using Lyapunov theory. For showing the tracking behavior of the proposed controllers with their respective models to the desired blood-glucose output, simulation results have been performed and discussed using MATLAB/Simulink. Comparison results of the both systems show that the proposed controllers performs far better than the ones given in the literature.
I. INTRODUCTION
Diabetes Type 1 can be characterized by incapacitating, chronic, deadly and prevailing disease. It is increasing at a very high rate. The International Diabetes Federation said that the total number of diabetic patients in the world was 381 million in 2013. According to 'Global Report on Diabetes' by World Health Organization (WHO), this number was more than 422 million patients in 2014. If we compare this figure with 108 million patients in 1980; diabetes prevalence has doubled since then from 4.7% to 8.5% in adults. Diabetes became the cause of 1.5 million deaths in 2012 of the total 3.7 million and the rest 2.2 million deaths were caused by blood-glucose higher than the optimal rate [1] .
Diabetes mellitus is further divided into two major types; Type 1 & Type 2. Diabetes mellitus Type 1, also known as ''Juvenile Diabetics'', is a type of diabetes in which the bloodglucose level of the patient is high due to deficiency of insulin. This deficiency is caused by the loss of beta cells in pancreas, which are responsible for producing insulin. Type 2 diabetes is caused by; (i) resistance to insulin (ii) inadequate secretion of insulin. The way to treat Type 1 is by infusing insulin to stabilize the blood-glucose level, whereas Type 2 is treated through proper medication [4] . Diabetes if not controlled might result in complications in different body parts; retina of eyes, kidneys, heart disease, removal of limb and nervous system [4] .
To avoid such severe conditions, controlling the bloodglucose level is very important. Normal blood-glucose could be achieved by manually infusing a fixed amount of insulin in Type 1 patients, but this is not a feasible way to reach and maintain the blood glucose level to normal level. If any disturbances occur during infusion, there is no such capability to handle it. Therefore preferred way is controlled infusion for which a controller is designed using the measurements from continuous glucose monitoring (CGM). The devices used for this purpose are named as Artificial Pancreas (AP) which consists of three main parts; CGM, a controller and an insulin pump. CGM continuously monitors the blood glucose level and forward the measurements to the controller. The controller calculates the required amount of insulin and forward the signal to insulin pump if insulin infusion is required [5] .
To check tolerance of insulin, MMTT (Mixed Meal Tolerance Test), IVGTT (Intravenous Glucose Tolerance Test) & OGTT (Oral Glucose Tolerance Test) mentioned in [6] are done in which blood samples at different time intervals are taken. The performance of controller used in AP device is checked by; (i) convergence time, (ii) steady state error & (iii) overshoots. Controllers are proved helpful in overcoming nocturnal hypoglycemia using closed loop control [7] & [8] . So keeping the convergence time and nocturnal hypoglycemia in mind, manual infusion is preferred during the day time and closed loop control at night. Research has been carried out to design an efficient controller with better convergence time. PID controller is used to minimize steady state errors [9] . PD controller has been proposed in [10] where integral gain was not taken into account to avoid over dosage of insulin. Some improvements have been made in controller's performance by integrating fuzzy with PID [11] . One of the linear controllers proposed for use in AP is Linear Quadratic Regulator (LQR) [12] .
The glucose-insulin dynamics are non-linear in nature. The non-linear controllers are dynamically more stable and robust in nature. So these non-linear controllers are better choice to deal with complex and non-linear practical scenarios than the linear counterparts. A non-linear BS controller has been proposed for BMM in [13] . BS is a recursive technique for the stabilization of a non-linear system in its strict feedback form [14] . In this research work, we have proposed IBS, BS, FLC and PID controllers for automated control of blood glucose in Type 1 Diabetic Patients using EBMM recently proposed in [16] & [17] . As we have noticed in literature that nonlinear controllers are implemented on BMM using BS and Adaptive BS but there is some steady state error in simulation results. In IBS, the generic BS is updated by introducing integral actions. Fuzzy Logic Controller (FLC) is a rule based algorithm, where crisp input data is converted into fuzzy linguistic variables. Rules based inference system provides fuzzy output data which is again converted in crisp data using de-fuzzifier.
The proposed closed loop control has been shown in Fig. 1 . The remaining part of the paper has been arranged as follows; in Section II the non-linear mathematical models to be controlled have been described. Section III describes the problem statement, in section IV IBS controller design for EBMM and BMM with its stability analysis has been detailed. In section V-VI describes BS and FLC for EBMM, in section VII simulations results have been presented where the comparison of the proposed controllers has been made and finally section VI contains its conclusion.
II. NON-LINEAR DIABETIC MODEL
In human body, the glucose regulation is performed by liver and pancreas. Fig. 2 shows the glucose regulation cycle. Pancreas is continuously monitoring and responsible to maintain blood glucose level at a safe value in the body. When the sugar level gets high, insulin is infused by pancreas in the liver and then through liver it is infused in blood. When sugar level gets low, glucagon is infused in the blood by the liver. Ultimately the blood glucose level is maintained at the required level.
A. BERGMAN'S MINIMAL MODEL (BMM)
The non-linear model for type 1 diabetic patients is proposed by R.N Bergman's in [15] given by equations (1)-(3):
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where x 1 , x 2 & x 3 are glucose concentration, remote insulin concentration and plasma insulin concentration respectively VOLUME 7, 2019 FIGURE 2. Glucose regulation in human body [28] .
and u(t) is external insulin infusion rate and all other parameters along with their values used for simulation results have been detailed in Table- 1.
B. EXTENDED BERGMAN'S MINIMAL MODEL (EBMM)
In a recent research an extended model of BMM has been proposed in [16] & [17] . In this model disturbance caused by meal during medication is considered as a dynamical state. Meal disturbance to the blood glucose level is a very critical factor which was considered as fixed value in BMM. This model is non-linear and more generic in nature because meal disturbance defined as fourth state of the system given as:
where x 4 defines Fisher's Meal disturbance [18] , p 4 and p 5 along with their values used for simulation results have been detailed in Table- 1, having all the values same as in [17] & [19] for comparison purposes. and u(t) represents the control input to the system (external insulin infusion).
III. PROBLEM STATEMENT
Maintaining blood-glucose level during the day is normally done by manual insulin intake but it is not possible during night when the patient is sleeping. Artificial pancreas is the only option left behind. It has some sensor to monitor sugar level and provide this info to the control block which using some control algorithm injects insulin to the patient regularly whenever and whatever amount is needed. Now we observe that both the systems given by equations (1)-(3) & (4)- (7), are non-linear in nature. Implementing linear controllers by linearizing the systems can give only local convergence. For the global asymptotic stability of the system, it would be better to design some nonlinear controller.
IV. INTEGRAL BACKSTEPPING CONTROLLER DESIGN
Non-linear BS controller as implemented in [13] has been modified here by introducing the integral action to track the desired blood glucose level with almost zero steady state error.
A. CONTROLLER DESIGN FOR EBMM
The error e 1 is the difference of actual and reference output defined as:
For the state x 1 to track the reference x 1ref , e 1 should converge to zero. For this purpose taking time derivative of e 1 and using equation (4), we havė
Now the integral action is introduced as:
where r 1 is given as:
The Lyapunov function candidate used for stability analysis is taken as:
For ensuring the system to be asymptotically stable, time derivative of V 1 must be negative definite. So taking time derivative of V 1 as:
Introducing the second error as:
or
For x 2 to track a 2 , e 2 must approach to zero. By using value of x 2 from (15) in (9), we havė
Usingė 1 from (16),V 1 from (13) can be written aṡ
The virtual control law a 2 must ensureV 1 to be negative definite. For this purpose we take
where k 1 is positive definite and solving for a 2 , we have
Substituting value of a 2 in (17), we geṫ
The Lyapunov candidate function introduced for checking convergence of both errors e 1 and e 2 to zero, is taken as:
The time derivative of V 2 is given as:
By taking the time derivative of (14) and after using (5), we haveė
Introducing the third error as:
For x 3 to track a 3 , e 3 must approach to zero. By using value of x 3 from (25) in (23), we havė
Usingė 2 from (26), the time derivative of V 2 from (22) can be written aṡ
The virtual control law a 3 must ensureV 2 to be negative definite. For this purpose we take
where k 2 is positive definite and solving for a 3 , we have
Substituting value of a 3 in (28) we geṫ
By taking the time derivative of (24) and after using (6), we haveė
Let us consider the Lyapunov candidate function for checking the convergence of three errors e 1 , e 2 and e 3 to zero, so that x 1 tracks x 1ref , x 2 tracks a 2 and x 3 tracks a 3 as
The time derivative V 3 is given as:
Usingė 3 from (32) andV 2 from (31), the time derivative of V 3 from (34) can be written aṡ
The control law u which can ensure the time derivative of V 3 to be negative definite, can be taken as:
where k 3 is positive definite. The controller in (37) ensures the asymptotic stability of the system (4)- (7) , as the time derivative of the final composite Lyapunov candidate function V 3 is negative definite given as: According to Lyapunov theory when the time derivative of an energy like function is proved to be a negative definite it means that system converges on a stable state by releasing all of its stored energy. Similarly, theV 3 given by the equation (38) is a negative definite function so all the error equations of the system given by (8), (14) and (24) approached to zero and consequently x 1 tracks x 1ref , x 2 tracks a 2 and x 3 tracks a 3 .
B. INTEGRAL BACKSTEPPING CONTROLLER FOR BMM
Repeating the same process as done in subsection A for the system (1)-(3), the control law derived from the calculations ensures asymptotic stability of this system will be given by
BACKSTEPPING CONTROLLER FOR EBMM
The integral action in the IBS controller is not considered while performing mathematical calculations of BS. The BS controller for the system (4)- (7) , derived by repeating the same process as done for IBS will be given by u = −k 3 e 3 − e 2 p 3 + p 4 (x 3 − I b ) +ȧ 2 (40)
VI. FUZZY LOGIC CONTROLLER FOR EBMM
FLC is implemented by monitoring the blood glucose level from BG sensor and internal insulin level from state variable x 3 . Whenever blood glucose level deviates from the reference, FLC provides required quantity of insulin. Fuzzy Tool Box in MATLAB has been used to perform its simulations. FLC scheme consists of three parts: Fuzzifier, Inference System and De-Fuzzifier as given by Fig. 3 . In fuzzification, membership functions are used to convert crisp data in fuzzy sets. These functions correspond real world parameters to input variables. Input and output membership functions for the system (4)-(7) are given by Fig. 4,  Fig. 5 and Fig. 6 respectively. Where inputs to the fuzzy system are blood glucose level (BGL) and internal insulin level (IIL) while insulin dose (ID) is the output.
Mamdani Inference System has been used to construct fuzzy rules for controlling glucose level. Fuzzy rules are IF-THEN statements based on system's input and output relationship. Where ''IF'' part of the statement is information from the input data and ''THEN'' part of the statement is decision or output in fuzzy linguistic variables. Fuzzy rules for blood glucose regulation are mentioned in Table 2 . In the final step of De-Fuzzification, output fuzzy sets forming the Inference System, are again converted into crisp data which is control signal to the system.
VII. SIMULATION RESULTS
Responses of the proposed controllers given by the equations (37), (39) & (40) are observed in MATLAB/Simulink software using the ODE45 solver. Graphs are shown with time/seconds along horizontal x-axis and blood-glucose concentration along the vertical y-axis. Initially the patient is supposed to be in the state of hyperglycemia but for a healthy person blood glucose level should be in safe range of (70 − 180 mg/dl) [21] . The selected reference level for blood glucose is (80 mg/dl), which is supposed to be the optimal value of blood glucose level in the safe range.
A. CONTROLLER RESPONSES FOR EBMM
To observe performance of the proposed controllers, the model parameters and initial conditions are taken same as given by [16] & [17] . A comparison of proposed IBS controller with BS, PID and FLC has been presented in Fig. 7 . Convergence time of IBS to the reference is 11.5 minutes, that of BS is 83.3 minutes and that of PID is 168 minutes. Both BS and PID controllers have oscillatory response with some steady state error as well. While in case of FLC, even with the good convergence speed of 30 minutes or less FLC failed to achieved its actual reference level and has continuous oscillations and steady state error in its tracking response which can be observed from the zoomed graph. The overall response of the proposed IBS controller is better and gives satisfactory results with smooth tracking, less convergence time without any steady state error.
The control signal generated by the proposed IBS controller is shown in Fig. 8 . Simulation is started with high blood glucose level and high meal disturbance which requires a continuous insulin infusion. The controller starts injecting insulin to the system and reaches to a maximum value which results in instant decrease in blood glucose level that can be observed in Fig. 7 . Later the controller starts decreasing the amount of insulin to zero. Similarly the blood glucose level of the system starts tracking its reference level of (80 mg/dl) with this corresponding control signal. Controller intelligently keeps calculating required quantity of insulin to avoid oscillations in system's response. Finally when the reference level is achieved by the system after 7.5 minutes, controller's output becomes almost zero. 
B. CONTROLLER RESPONSES FOR BMM
A comparison of proposed IBS controller with PID and BS has been presented in Fig. 9 . Convergence time of IBS is 205 minutes, that of BS is 400 minutes and that of PID is 630 minutes. Both BS and PID controller have an oscillatory response with steady state error as well. Overall response of the proposed IBS controller is far better; tracking its reference level very quickly without any steady state error.
The control signal generated by the proposed IBS controller given by equation (39) is shown in Fig. 10 . Excessive insulin input for short intervals to the system is not favorable because it causes oscillations in system response, so the controller's output is limited by using the saturation block. As simulation is started, for initial 1.05 minutes, the controller injects 50 mU /l/min quantity of insulin to push system to the reference level. As systems starts tracking reference level, the control signal becomes zero. Controller again injects a pulse of insulin with same quantity at 19.5 minutes to keep the system at the reference level and avoid overshoots/undershoots. Then controller signal again fallback to zero for the remaining time because system is perfectly tracking its reference level and no more input signal is required.
A brief comparison of some parameters, is given in Table-3 BMM respectively. The tables justify the simulation results and our discussion.
VIII. CONCLUSION
In this research work, non-linear based IBS, BS, FLC and linear PID controller have been proposed for automatic blood glucose regulation in Diabetes Type 1 patients using EBMM and IBS for BMM. Lyapunov theory has been used to prove asymptotically stability of the system. All simulations have been performed in MATLAB/Simulink to observe response of the proposed controllers. The proposed IBS controllers tracks their reference very nicely level without any steady state error. This is achieved in less time without undergoing any oscillations. It is clear from the graphs that IBS out performs, BS, PID and FLC in terms of convergence time, steady state error and overshoots/undershoots. Moreover, in the future parameters adaption can also be introduced to get more better performance and other non-linear control techniques like SMC can be applied to get robust control for AP.
